We propose a novel scheme to achieve two-photon super bunching of thermal light through multiple two-photon-path interference, in which two mutually first-order incoherent optical channels are introduced by inserting a modified Michelson interferometer into a traditional two-photon HBT interferometer, and the bunching peak-to-background ratio can reach 3 theoretically. Experimentally, the super bunching peak-to-background ratio was measured to be 2.4, much larger than the ratio 1.7 measured with the same thermal source in a traditional HBT interferometer. The peak-tobackground ratio of two-photon super bunching of thermal light can be increased up to 2 × 1.5 n by inserting cascadingly n pairs of mutually first-order incoherent optical channels into the traditional two-photon HBT interferometer. The two-photon super bunching of thermal light should be of great significance in improving the visibility of classical ghost imaging.
Two-photon bunching of thermal light was first observed by Hanbury Brown and Twiss (HBT) in 1956 [1] , where the maximum bunching peak-to-background ratio for thermal light is 2. One of the prospective applications of two-photon bunching effect is ghost imaging, and extensive studies have been carried out by using various light sources [2] [3] [4] [5] [6] [7] . However, the imaging visibility of the classical ghost imaging, especially with complicated imaging structures, is relatively low based on the traditional two-photon HBT interference of thermal light. To overcome this limitation, spatial super bunching of thermal light with a bunching peak-to-background ratio larger than 2 has attracted a lot of interests, and great progresses have been made recently to enhance the visibility of classical ghost imaging [8] [9] [10] [11] [12] [13] . It was demonstrated that the visibility of classical ghost imaging is improved by employing nth-order (n > 2) coherence of thermal light, in which the bunching peak-to-background ratio reaches n! [11] [12] [13] . For the two-photon case, super bunching effect was observed with laser beam scattered by a dynamic deep random phase screen with nonGaussian statistics [14, 15] . Recently, two-photon super bunching effect was also observed for thermal-like photons with attractive interaction between photons propagating in a nonlinear medium with a focusing nonlinearity [16] . In this Letter, we report on the two-photon super bunching effect of thermal light by employing multiple two-photon-path interference, which would be of great significance in improving the visibility of classical ghost imaging.
Figure 1(a) shows a schematic diagram for a traditional two-photon HBT interferometer. It is well known that the key of the two-photon bunching effect is the existence of two different but indistinguishable two-photon paths to trigger a coincidence count, i.e., A1B2 and A2B1, where A and B denote two different photons, and 1 and 2 denote two different detectors, respectively [5, 13, [17] [18] [19] . Generally, in the nth-order coherence with n detectors, the number of different but indistinguishable nphoton paths to trigger a n-photon coincidence count is n!, which results in a bunching peak-to-background ratio of n! [11, 13] . Different from the case in high-order coherence, here we propose a scheme to achieve two-photon super bunching of thermal light by increasing the number of different but indistinguishable two-photon paths. In the scheme in Fig. 1(b) , the two-photon paths that can trigger a coincidence count are Aα1Bα2, Aα2Bα1, Aβ1Bβ2, Aβ2Bβ1, Aα1Bβ2, Aα2Bβ1, Aβ1Bα2, Aβ2Bα1, respectively. Note that the two pairs of two-photon paths Aα1Bα2, Aα2Bα1 and Aβ1Bβ2, Aβ2Bβ1 in the first row are the contributions from two different traditional HBT interferometers. The four two-photon paths in the second row are different but indistinguishable. We will show that, it is these four different but indistinguishable two-photon paths that result in a two-photon super bunching of thermal light.
Mathematically, the second-order coherence function of thermal light is [19] 
where ρ = {n} P {n} {n} {n} is the density matrix of thermal light with P {n} being the probability of the field in state {n} [13, 20] , E (+) (r j , t j ) and E (−) (r j , t j ) (j = 1, 2) are the positive and negative frequency parts of the field at the space-time coordinate (r j , t j ), respectively. The field operator E (+) (r j , t j ) is expressed as [13, 21] 
where g( ρ j , z j ; κ, ω) is the Green's function describing the light in mode ( κ, ω) propagating to space-time coordinate (r j , t j ), and it can be expressed as
where ψ(
. ρ j(s) and z j(s) are the transverse and longitudinal parts of the spatial coordinates of the jth detector and the source s, respectively. A( ρ s ) is the amplitude of thermal light in mode ( κ, ω).
The coherence function of thermal light in a traditional HBT interferometer can be deduced as [13] 
where the time-related variables have been dropped since we are only interested in the spatial part and treat the light as a single-frequency one. Taking the paraxial approximation in one dimension and assuming that A( ρ s ) is a constant and z 1 = z 2 = z, we get the normalized second-order coherence function of thermal light in a traditional HBT interferometer
HBT (x 1 ,
where k is the magnitude of the wave vector of thermal light, and R is the cross-section size of the source s.
In the scheme shown in Fig. 1(b) , the Green's function can be expressed as
where g α ( ρ j , z j ; κ) and g β ( ρ j , z j ; κ)e iφ(t) are the Green's functions associated with the photon propagating through the channels α and β, respectively, to the jth detector. Here we employ the time-variable random phase φ(t) in channel β to eliminate the first-order interference pattern between the two channels, and it satisfies e iφ(t) t = 0 ,
where · · · t denotes time average. Replacing the Green's function in Eq. (4) by Eq. (6), one gets the spatial correlation function of thermal light in the scheme in Fig. 1 (b)
Again, by employing the paraxial approximation in one dimension and assuming that A( ρ s ) is a constant and z 1 = z 2 = z, the normalized second-order coherence function of thermal light in the scheme in Fig. 1(b) can be deduced from Eq. (8) as
where θ is the crossing angle between the two optical paths associated with a photon propagating through the two channels α and β to a detector. Eq. (9) shows a two-photon interference pattern with a period of 2π/kθ and a peak amplitude of 3, while its amplitude envelope is modulated by the traditional two-photon bunching curve of thermal light. Experimentally, we observed such a two-photon interference pattern induced by the superposition of multiple two-photon paths, where the two intermediate channels were introduced by inserting a modified Michelson interferometer into a traditional two-photon HBT interferometer, as shown in Fig. 2 . In the experiments, the thermal source, with a cross-section size R = 347 µm, was simulated by a focused single frequency 780-nm laser beam scattering from a rotating ground glass disk [22] the Michelson interferometer (channel β) was a piezoelectric mirror, and it oscillated along the light propagation direction to provide a time-variable phase φ(t) in such a way that the first-order coherence between two optical channels was eliminated. The output of the Michelson interferometer was then split into two beams which were detected by two single-photon detectors. The spatial correlation was performed with a two-photon coincidence counting system with a collection time of 300 seconds. Figure 3 shows the observed two-photon interference fringe at θ = 0.007 o with a peak amplitude of 2.4, in which the solid squares are the experimental data and the solid curve is a theoretical fit by employing Eq. (9) . Good agreement is observed between experimental measurements and theoretical fit.
To suppress the side lobes in Fig. 3 , we rotated the mirror M2 on the other arm (channel α) of the Michelson interferometer repeatedly at a frequency of 2.5 Hz which makes the crossing angle θ scan within [−θ 0 /2, θ 0 /2] at a speed of 0.11 o /s, where θ 0 (= 0.022 o ) was the full angular scanning range. Theoretically, such an angular scanning leads to an average over θ in Eq. (9) . Note that the fringe period 2π/kθ is dependent on θ, and the fringes with different θ are always in phase at x 1 − x 2 = 0, but gradually become out of phase with the increase in the distance |x 1 − x 2 |. Therefore, the average over θ smears out the side lobes, and one gets the normalized two-photon correlation function as
It is evident that the bunching peak-to-background ratio is 3 in this case, much larger than 2 in the traditional two-photon HBT interferometer. Further more, the full width at half maximum (FWHM) of the bunching curve is determined by the angular scanning range θ 0 and the ratio R/z, In the case when θ 0 > R/z, the FWHM of the super bunching curve can be narrowed as compared to that of the traditional two-photon bunching curve. Figure 4 shows the measured two-photon super bunching effect (solid squares) of thermal light with θ 0 = 0.022 o , together with the results for the two-photon bunching effect (empty circles) in the traditional HBT interferometer with the same thermal light source. The solid and the dashed curves are the theoretical fits using Eqs. (10) and (5) for the super bunching and traditional bunching cases, respectively, which describe the experimental results very well in both cases. The super bunching peak-to-background ratio was measured to be 2.4, much larger than the ratio 1.7 measured for the traditional HBT bunching effect employing the same thermal source. Thus, we have demonstrated the two-photon super bunching effect of thermal light via multiple twophoton-path interference.
It is easy to figure out that the number of different but indistinguishable two-photon paths can be further increased by inserting cascadingly n pairs of intermediate optical channels in the traditional two-photon HBT interferometer, as shown schematically in Fig. 5 , where α j and β j represent the jth-pair of intermediate optical channels. In this case, by employing the same procedures as those from Eq. (6) to Eq. (10), one gets where θ j0 is the full angular scanning range associated with the jth-pair of intermediate optical channels. One notes that the two-photon super bunching peakto-background ratio of thermal light in Eq. (11) can reach 2 × 1.5 n , which is much larger than that in traditional two-photon HBT interferometer. Such a super bunching effect is surely the result of the superposition of multiple different but indistinguishable two-photon paths introduced by inserting n pairs of intermediate optical channels. This is very similar to the case for the multiple single-photon-path interference in first-order coherence, in which the superposition of multiple different but indistinguishable single-photon paths results in an enhancement and sharpen of the first-order coherence peak, as is the case for a traditional one-photon grating [23] . Therefore, the scheme we designed can be viewed as a prototype of two-photon grating.
In summary, we have demonstrated the two-photon super bunching of thermal light by means of superposition of multiple different but indistinguishable twophoton paths in a modified two-photon interferometer. By inserting n pairs of intermediate optical channels in a traditional two-photon HBT interferometer, the super bunching peak-to-background ratio of thermal light can be increased up to 2 × 1.5 n . The super bunching peak-tobackground ratio was measured to be 2.4 experimentally when a pair of intermediate optical channels were introduced, while the bunching peak-to-background ratio of the same thermal source was measured to be 1.7 in a traditional two-photon HBT interferometer. The observed two-photon super bunching effect of thermal light should be useful to improve the visibility of classical ghost imaging. This project is supported by the MOE Cultivation Fund of the Key Scientific and Technical Innovation Project (708022), the NSFC (90922030, 10804054, 10904077), the 973 programs (2007CB307002, 2011CB922003), the 111 project (B07013), and the Fundamental Research Funds for the Central Universities.
